The incidence of measles virus (MV) infection has been significantly reduced in many nations through extensive vaccination; however, the virus still causes significant morbidity and mortality in developing countries. Measles outbreaks also occur in some developed countries that have failed to maintain high vaccine coverage rates. While vaccination is essential in preventing the spread of measles, case management would greatly benefit from the use of therapeutic agents to lower morbidity. Thus, the development of new therapeutic strategies is desirable. We previously reported the generation of a panel of small-molecule MV entry inhibitors. Here we show that our initial lead compound, although providing proof of concept for our approach, has a short half-life (<16 h) under physiological conditions. In order to combine potent antiviral activity with increased compound stability, a targeted library of candidate molecules designed on the structural basis of the first lead has been synthesized and tested against MV. We have identified an improved lead with low toxicity and high stability (half-life Ͼ Ͼ 16 h) that prevents viral entry and hence infection. This compound shows high MV specificity and strong activity (50% inhibitory concentration ‫؍‬ 0.6 to 3.0 M, depending on the MV genotype) against a panel of wild-type MV strains representative of viruses that are currently endemic in the field.
Paramyxoviruses are nonsegmented negative-stranded RNA viruses, most of which are highly contagious airborne pathogens that spread via the respiratory route. Members of this viral family constitute major human and animal pathogens such as measles virus (MV), human parainfluenza viruses (HPIV), mumps virus, rinderpest virus, and Newcastle disease virus (12) . Despite the existence of an effective live-attenuated vaccine (6) , MV remains a serious threat to human health globally, accounting for approximately 0.5 million deaths annually (1) . While most of these cases occur in developing countries with limited access to vaccination, measles outbreaks still occur in some developed countries that have failed to maintain high vaccine coverage rates (4, 26) . Recent outbreaks, in particular in the United Kingdom, have been attributed to declining herd immunity as a result of reduced vaccination coverage due to parental concerns about vaccination safety (8) . Furthermore, vaccine-induced immunity is less robust than naturally acquired protection, which may, in fully vaccinated populations, result in a progressive loss of immunity in adults due to the absence of natural boosting through circulating virus (15, 16, 27) . Taken together, these facts make desirable the development of novel therapeutics that could be produced cost-effectively and that could be used for the rapid control of local outbreaks and improved case management to limit severe outcomes of infection.
MV infects target cells through pH-independent fusion either of the viral envelope with the plasma membrane of target cells or of the plasma membrane of an infected cell with the plasma membrane of neighboring uninfected cells (11, 12) . This is initiated by interaction of the hemagglutinin (H) envelope glycoprotein with its cellular receptor, either the regulator of complement activation CD46 or signaling lymphocyte activation molecule (SLAM/CD150w). While the MV vaccine strains of the Edmonston lineage efficiently use CD46 as their cellular receptor (3, 17) , most wild-type strains of MV are dependent on SLAM for efficient entry (19, 32, 33) . Receptor binding is thought to trigger H to activate the fusion (F) envelope glycoprotein, which through a series of conformational changes mediates membrane merger, resulting in release of the viral genome into the target cell (11, 12) .
Interfering with virus entry is a novel and attractive therapeutic strategy to control virus infection and spread, and proof of principle for the clinical benefit of this approach has most notably come from the safe and efficacious peptidic human immunodeficiency virus (HIV) inhibitor enfuvirtide (T-20) (31) . Paramyxoviruses against which peptides possess considerable in vitro potency include HPIV type 2 (HPIV-2) and HPIV-3 (13, 37), MV (13), respiratory syncytial virus (13) , Sendai virus (28) , and Newcastle disease virus (38) . While confirming the therapeutic benefit of entry inhibitors for the treatment of viral infections, T-20 has highlighted potential obstacles that complicate large-scale production of peptide-based antivirals. Large heptad repeat-derived peptides such as T-20 are often difficult to solubilize and purify, making manufacture highly costly. Furthermore, such peptides usually show poor absorption and bioavailability from the gastrointestinal tract, necessitating delivery through injection, and virusderived peptides have the potential to be immunogenic in vivo and may induce adverse events in some cases.
Considering these obstacles, we aimed to explore the inhibitory potential of nonpeptidic small molecules against MV entry. Multiple routes of administration are conceivable for these drug-like molecules, and highly cost-effective production strategies can be easily achieved. Additional conceptual support for this approach comes from the previous identification of small molecules that interfere with respiratory syncytial virus entry in vitro (2) and in vivo (2, 35) .
In previous work (21, 25) , we have reported the structureguided development of an MV entry inhibitor, N-(5-amino-2-hydroxy-phenyl)-2-phenyl-acetamide (AM-4), with a 50% inhibitory concentration (IC 50 ) of 260 nM against the MV vaccine strain MV-Edmonston (MV-Edm). In the present study, we further characterize this compound, describe the development of a second improved therapeutic lead, and report the testing of this lead against a representative panel of wild-type MV isolates. Based on its in vitro inhibitory activity against these strains, this compound warrants further testing under in vivo conditions. 1 All compounds were dissolved in dimethyl sulfoxide (DMSO). The highest final DMSO concentration used in experiments was 0.2% (vol/vol), at which no solvent-related effect on cell viability or the degree of membrane fusion could be detected. As a control, cells treated with DMSO at the highest concentration used in each particular assay were routinely included.
Compound stability assays. Compound stability was evaluated chemically by monitoring the NMR spectrum in CDCl 3 under atmospheric oxygen every several hours over a 48-hour period. While OX-1 and AS-48 retained both solution clarity and spectrum integrity, AM-4 slowly darkened with some precipitation and the spectrum gradually showed the presence of impurities. Stability under physiological conditions was assessed by preincubation of different compound concentrations in OPTIMEM at 37°C for different time periods, followed by mixing with MV-Edm corresponding to an MOI of 0.1 PFU/cell and transfer to 5 ϫ 10 5 target cells in a six-well plate format. Yields of cell-associated viral particles were determined 36 h postinfection by TCID 50 titration.
Compound screen, cytotoxicity, and dose-response curves. To screen candidate compounds, 7,500 Vero-CD150w cells per well were infected in four replicates per compound concentration in a 96-well plate format with wild-type strain MVi/Kansas. USA/43.00 (MV-KS) at an MOI of 0.1 PFU/cell in the presence of compound ranging from 75 M to 4.6875 M in twofold dilutions. Subsequent to incubation at 37°C for 96 h, virus-induced cytopathicity was measured using a cell proliferation assay (Promega) and results were calculated according to the formula % proliferation ϭ [(experimental Ϫ background)/ (maximum Ϫ background)] ϫ 100. For comparison, the first-hit compound OX-1 was included in all assays.
A standard nonradioactive cytotoxicity assay (Promega) was used to determine the cytotoxicity of the compounds. In a 96-well plate format, 12,000 cells per well were incubated in four replicates per concentration tested in the presence of compound at 37°C for 24 h. Reduction of MTT [3-(4,5-dimethylthiazol-2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] as an indicator for cell viability was then measured. Values were calculated according to the formula provided by the manufacturer: % cytotoxicity ϭ [(experimental Ϫ background)/ (maximum Ϫ background)] ϫ 100. Due to the extreme fusogenicity of MV, in the absence of fusion inhibition essentially all cells of a monolayer were recruited into a single large syncytium at approximately 40 h postinfection in the conditions used in the study. Because of loss of mechanical stability, these giant cells detach from the plate and cease to be metabolically active. All infected cells were routinely assessed microscopically prior to each assay, and microscopic observations were consistent with the quantitative results obtained.
To generate dose-response curves, 4 ϫ 10 5 Vero-CD150w cells per well were infected in a six-well plate format with wild-type MV strains at an MOI of 0.1 PFU/cell in the presence of AS-48 in twofold dilutions (75 M highest) and incubated in the presence of compound at 37°C. Thirty-six hours postinfection, cells were scraped in OPTIMEM, cell-associated virus was released by two freeze/thaw cycles, and virus titers in cleared cell lysates (subsequent to centrifugation at 5,000 ϫ g, 5 min, 4°C) were determined by TCID 50 titration. IC 50 values reflect the compound concentration at which virus yields were half that of solvent-only-treated control samples.
Isolation of envelope glycoproteins from primary MV isolates. Total RNA was prepared from Vero-CD150w cells infected with the wild-type isolate of interest using the RNeasy minikit (QIAGEN) and subjected to reverse transcription using Superscript II reverse transcriptase (Invitrogen) and random hexamer primers. Genome fragments containing the F and H genes were then further amplified using TaqHiFi DNA-polymerase (Invitrogen), followed by transfer into TOPO 2.1 vectors (Invitrogen) and further cloning into pCG expression plasmids containing the constitutive cytomegalovirus promoter.
Transient-inhibition assays. To determine the ability of candidate compounds to inhibit cell-to-cell fusion, 6 ϫ 10 5 cells per well were transfected with 4 g plasmid DNA each encoding MV-KS H and F genes, and cells were transferred 4 h posttransfection to 96-well plates with twofold compound dilutions ranging from 75 M to 4.6875 M in four replicates each. Fusion activity was assessed microscopically 48 h posttransfection, and the extent of cytotoxicity was quantified using the cytotoxicity assay (Promega) described above.
Membrane protection assays. For entry experiments, virus inocula were transferred to 5 ϫ 10 5 Vero-CD150w cells per well in a six-well plate format at an 3756 PLEMPER ET AL. ANTIMICROB. AGENTS CHEMOTHER.
MOI of 0.1 PFU/cell in the presence of 50 M AS-48 and incubated at 37°C for 60 min. Extracellular virions were inactivated by a 2-minute acid treatment (40 mM sodium citrate, 10 mM potassium chloride, 135 mM sodium chloride, pH 3.0) at 25°C, followed by extensive washing of cells and incubation at 37°C for 30 h. Control cells were subjected to washing steps only, and yields of cellassociated viral particles were determined by TCID 50 titration.
RESULTS
In previous work, we described an inhibitor of MV cell entry, AM-4 (21) . Since this compound has promising antiviral activity against the MV-Edm strain (IC 50 ϭ 260 nM) we further investigated its potential as a therapeutic lead. In particular, a chemical half-life of at least 16 h under physiological conditions was considered a minimal requirement for compounds to warrant further testing. However, when AM-4 was subjected to in vitro stability testing at physiological pH and temperature, it was observed to be unstable. Preincubation for 16 h under these conditions fully ablated its antiviral activity (Fig. 1A) . This observation was corroborated by high-performance liquid chromatography (HPLC) analysis of the compound subsequent to a 16-hour incubation period and by NMR sampling over a 48-hour period (data not shown).
Development of a stable lead inhibitor. To develop an applicable MV inhibitor candidate, we therefore aimed to combine the antiviral properties of AM-4 with increased stability. Our approach was guided by speculation that the instability of AM-4 is due to its facile oxidation in air. Although we have not demonstrated the transformation, the para orientation of the OH and NH 2 groups on the heterosubstituted aromatic ring (Fig. 1B) suggests ready oxidation to a quinone analog. Consequently, subsequent synthetic efforts were pursued with two principles in mind. First, substituent combinations on the benzamido ring of AM-4 analogs must be compatible with longterm exposure to air oxygen. Second, both substituent combination and orientation should provide steric and hydrogen bonding properties similar to AM-4 in terms of the previously developed MV homology model (21) . These considerations led to the synthesis of a panel of 39 inhibitor candidates (to be described in detail elsewhere) by varying the substituent range of the structural backbone of AM-4, as depicted in Fig. 1C .
To evaluate compound activity against a clinically relevant, currently circulating MV strain (30) , all candidate compounds were tested against MV-KS, a virus from genotype D5, which has been endemic in Thailand and Japan and was associated with imported cases in the United States and Europe (30) . As a first screen, all compounds were assessed for their ability to suppress cytopathicity induced by MV-KS, as quantified by reduction of metabolic activity of cells using an MTT assay. Since cytopathicity due to extensive syncytium formation followed by giant cell detachment and death is a hallmark of MV infection in vitro, the inhibitory activity of the candidate compounds can be assessed in this assay by measuring increased cell survival and hence metabolic activity. When the antiviral activity of each candidate compound was compared with that of the stable first-hit compound OX-1 (21), the basis for all other compounds including AM-4, compound AS-48 (Fig. 1D) revealed the greatest increase in activity (7.8-fold increase compared to OX-1) and was therefore selected for further characterization.
Characterization of inhibitor candidate AS-48. Structural predictions suggested that AS-48 would be air stable by comparison with AM-4 but still retain considerable activity. Indeed, preincubation of AS-48 at physiologic conditions for 16 h did not alter its inhibitory effect against MV ( Fig. 2A) , and HPLC analysis and NMR sampling over a 48-hour period (data not shows) likewise confirmed this assumption.
AS-48 was thus further characterized and its potential cytotoxicity assessed in a nonradioactive cytotoxicity assay performed in the presence of a range of different compound concentrations. We observed minimal cytotoxicity in compound-treated cells compared to solvent-only-treated control cells after 24 to 36 h of incubation in the presence of the 
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compound (Fig. 2B) . Cytotoxicity levels remained below 10% in the presence of compound concentrations as high as 300 M. As controls, the first-hit compound OX-1, which showed no detectable cytotoxicity, and compound AS-19, which induces strong cytotoxicity at low concentrations, were also included in the assay. AS-48 did show some cytostatic effect at concentrations of 75 M and higher, however, when cells were incubated in the presence of the compound for extended periods of time exceeding 4 days (data not shown). Based on our previous characterization of the mechanism of antiviral activity of the first-hit compound OX-1, we postulated that the antiviral activity of AS-48 was also based on inhibition of the entry step of the virus life cycle. To test this hypothesis experimentally, we first examined whether AS-48 inhibits the cell-to-cell fusion activity induced by plasmid-encoded MV H and F glycoproteins. One would expect inhibition of membrane fusion if the compound indeed interferes with virus entry, while interference of AS-48 with downstream steps of the virus life cycle such as genome replication would suggest little inhibitory activity in a transient-fusion assay. We therefore isolated the genes encoding the H and F glycoproteins from MV-KS through reverse transcription-PCR of infectedcell lysates and transferred them into expression plasmids harboring the constitutive cytomegalovirus promoter. Vero cells stably expressing human CD150w showed extensive cell-to-cell fusion beginning at 12 h posttransfection when cotransfected with these plasmids (data not shown). But when cotransfected cells were mixed with a range of different AS-48 concentrations 4 h posttransfection and incubation was continued in the presence of different compound concentrations, cell-to-cell fusion was increasingly suppressed with rising concentration of AS-48. The extent of fusion inhibition was quantified based on the reduction of fusion-induced cytotoxicity (Fig. 3A) . Dose-response curves are shown for AS-48-mediated inhibition of fu- sion induced by glycoproteins derived from MV-KS compared with those derived from the Edmonston vaccine strain cloned into otherwise identical expression plasmids (22) . If AS-48 prevents membrane fusion and hence viral entry but not virus absorption to target cells or postentry steps of the viral life cycle, virions incubated with target cells in the presence of compound should be resistant to removal of the inoculum and washing but should remain sensitive to low-pH inactivation of extracellular MV particles. A brief pH 3.0 shock has been previously demonstrated to completely abolish the infectivity of many enveloped viruses, including MV, through inactivation of their fusogenic envelope glycoproteins (10, 21) , while virions in a postentry state of their life cycle remain unaffected. Indeed, three consecutive wash steps after incubation of cells in the presence or absence of AS-48 did not result in a significant reduction in virus yields (Fig. 3B, samples A and  B) . When cells were exposed to low pH following incubation in the presence of compound, however, we found a strong reduction in virus yield when AS-48 was present (Fig. 3B, sample C) . Furthermore, addition of the compound after particle absorption and low-pH treatment resulted in only a small reduction in virus yield, confirming that postentry steps of the viral life cycle are not targeted by AS-48 (Fig. 3B, sample B) . The reduced extent of inhibition in sample C compared to control cells treated with AS-48 before and after the pH shock (Fig. 3B , sample D) is likely due to the escape of some particles from compound inhibition prior to low-pH treatment, while the reduction in virus yield in sample B compared to control infections in the absence of AS-48 is likely due to secondary infections being inhibited when cells are incubated in the presence of compound after low-pH treatment. These assumptions were confirmed by control samples in which AS-48 was replaced by fusion inhibitory peptide (FIP), a peptidic inhibitor of MV entry (18) that has been demonstrated previously to interfere with MV infection (Fig. 3B , samples E and F). Taken together, these findings support the conclusion that AS-48 acts at the level of MV entry.
Activity of AS-48 against relevant wild-type MV isolates. To determine the target specificity of AS-48, we infected cells in the presence of a range of different compound concentrations with either MV-KS or HPIV-2, another member of the family Paramyxovirinae that is related to MV. Dose-response curves showing virus yields obtained after incubation in the presence of different compound concentrations reveal an IC 50 for AS-48 against MV-KS of 0.6 M, while yields of HPIV-2 are not affected even at the highest compound concentrations tested (Fig. 4) . Likewise, AS-48 did not prevent membrane fusion induced by HIV type 1 (HIV-1) (data not shown), a member of the lentivirus family. These findings thus suggest the high target specificity of AS-48 and furthermore argue against residual cytotoxicity contributing to its inhibitory activity, since compound-mediated cytotoxicity would act nonspecifically and hence reduce yields of other viruses such as HPIV-2.
An IC 50 of 0.6 M against MV-KS confirms that AS-48 is more than seven times as potent as the first-hit compound OX-1 and only about 2.5-fold less active than the unstable compound AM-4. To further assess its potency against a representative panel of primary MV strains, we generated doseresponse curves for viruses representing a relevant subset of genotypes that are currently active worldwide (30) and calculated IC 50 values for each isolate (Fig. 5) .
AS-48 consistently demonstrated strong activity against all wild-type strains tested in this experiment, with IC 50 values ranging from 0.6 M to 2.5 M depending on the strain. The lowest activity (IC 50 ϭ 3.0 M) was observed for the vaccine strain MV-Edm (clade A), which has not been endemic for several decades. Consistent with our previous observations for the first-hit compound OX-1 (21), the lower sensitivity of the vaccine strain to inhibition by AS-48 may be at least partially due to a methionine-to-valine mutation at position 94 of the MV-Edm been reverted (20, 24) shows increased sensitivity to AS-48 (Fig. 5) .
DISCUSSION
We describe the development of a potent and stable smallmolecule inhibitor of MV entry, AS-48. This compound was designed on the basis of our previously reported MV entry inhibitor AM-4, which has strong antiviral activity but lacks stability. AS-48 demonstrates greatly improved stability under physiologic conditions, shows low cytotoxicity, and has potent antiviral activity, with an IC 50 ranging from 0.6 to 2.5 M against a panel of wild-type MV isolates representing currently circulating strains.
AM-4 is a masked hydroquinone with the NH 2 group replacing the second OH on the aromatic ring. It is well known that several 1,2-, 1,3-, and 1,4-dihydroxybenzene analogs (pyrocatechol, resorcinol, and hydroquinone, respectively) are powerful antioxidants in fruits (34, 36) , oils (29) , and wine (7). Furthermore, the hydroquinone coenzyme Q (ubiquinol) is the membrane-sequestered small-molecule mediator of electron transport in the inner membrane of the mitochondria (5). Similarly, para-hydroxyanilines are also strong reducing agents that are readily air oxidized to quinones and related polymers (9) . Consequently, the short half-life of AM-4 in air is understandable by analogy. We have thus attempted to introduce chemical stability, retain overall compound geometry, and present similar pharmacophoric elements compared to AM-4 in alternative structures. The nonplanar geometry of AM-4 (21) arises from the CH 2 group serving as a fulcrum in the center of the molecule. It is retained in AS-48, as is the hydrophobic phenyl ring that we found to be critical for antiviral activity (21) . The NH 2 and OH substituents in the benzamido ring of AM-4 serve as proton donor and proton acceptor, respectively. The former is replaced by an amide, the latter by a nitro group in AS-48. As a result, the reducing capacity of the ring has been blocked. Indeed, the stability of AS-48 was confirmed experimentally both by HPLC and NMR, and by the fact that preincubation at physiologic conditions for 16 h caused negligible reduction of its antiviral activity.
Our data support the conclusion that AS-48 acts at the level of viral entry, as do its predecessors AM-4 and OX-1 (21) . AS-48 inhibits cell-to-cell fusion induced by the H and F proteins of a currently prevalent genotype D5 strain, MV-KS (30), and does not interfere with postentry steps of the virus life cycle. Furthermore, our data suggest that AS-48, like AM-4 and OX-1, inhibits the membrane fusion step in the viral entry process, rather than interfering with the attachment of virus to target cells.
AS-48 demonstrated potent antiviral activity against a range of MV strains from genotypes that are currently circulating worldwide (30): B1, C2, D3, D5, D6, D7, G2, and H2. IC 50 values ranging from 0.6 to 2.5 M suggest that this compound may have potential as a therapeutic lead with activity against a broad range of MV strains. Additionally, AS-48 shows no activity against entry of the related paramyxovirus HPIV-2 or of the lentivirus HIV-1, demonstrating the target specificity of this compound for MV.
AS-48 and its predecessors AM-4 and OX-1 were all designed to dock into a microdomain in the MV F protein that we have previously described as important for the fusion process (21, 25) . In previous work, we identified several mutations in this cavity and elsewhere in the F protein that conferred resistance to inhibition. One of these residues is amino acid 94, which is a valine in the MV-Edm vaccine strain and a methionine in all other strains analyzed thus far. MV-Edm shows a reduced susceptibility to inhibition with both AS-48 and OX-1, suggesting a role for this residue in determining sensitivity to inhibition by this family of inhibitors. Consistent with this observation, substituting valine for methionine in MV-Edm conferred increased sensitivity to AS-48 on a recombinant virus.
We reason that the development of small-molecule measles virus inhibitors that can be produced cost-effectively may be highly beneficial in complementing the existing measles vaccination program by rapidly controlling local outbreaks and augmenting management of severe cases of measles. Since MV infects through the respiratory route and our compounds or derivatives thereof could easily be aerosolized for oral administration, we furthermore consider a prophylactic application as an attractive future possibility. We predict that viral spread could be drastically reduced in a setting similar to the recent outbreaks reported in the United Kingdom if an effective inhibitor were made available prophylactically to nonimmunized individuals in direct contact with identified index cases. Indeed, computer simulation models have demonstrated that an influenza pandemic could be blocked at the onset if antiviral drugs were administered to susceptible contacts of index cases (14) .
Based on its activity against a range of measles virus strains currently circulating worldwide, we hypothesize that AS-48 may have significant potential as a therapeutic lead inhibitor. The potent in vitro antiviral activity of AS-48 reported here supports further testing in vivo to assess the candidacy of AS-48 for clinical development.
